The observation that Toll-like receptor (TLR)2-deficient mice are highly susceptible to mycobacteria suggests that mutations altering TLR2 expression may impair host response to Mycobacterium tuberculosis. We evaluated the association between guanine-thymine (GT) repeat polymorphism in intron II of the TLR2 gene and the presence of tuberculosis (TB) in Koreans. The numbers of GT repeats were determined by PCR and gene scans for 176 TB patients and 196 controls. The recombinant TLR2 promoter/exonI/exonII/intronII/luciferase constructs including three representative repeats: (GT) 13 , (GT) 20 , and (GT) 24 were transfected into K562 cells, and luciferase activities were estimated and compared. The expression of TLR2 on CD14 þ peripheral blood mononuclear cells (PBMC) from healthy volunteers were measured with flow cytometry. Genotypes with shorter GT repeats were more common among TB patients (49.4 vs 37.7%, P ¼ 0.02). This observation was confirmed among 82 other TB patients as a validation cohort. Shorter GT repeats were associated with weaker promoter activities and lower TLR2 expression on CD14 þ PBMCs. In conclusion, the development of TB disease in Koreans was associated with shorter GT repeats in intron II of the TLR2 gene. This association is correlated with lower expression of TLR2 through weaker promoter activity for genes with shorter GT repeats. Genes and Immunity (2006) 7, 150-155.
Introduction
The fact that only 10% of people infected with Mycobacterium tuberculosis develop clinical tuberculosis (TB), 1 suggests that genetic factors play a role in the pathogenesis of this disease. This hypothesis is further supported by the higher concordance rate of TB in monozygotic twins than in dizygotic twins. 2 In this context, several polymorphisms in genes associated with immune defense against M. tuberculosis have been tested. Polymorphisms in the NRAMP1 [3] [4] [5] [6] [7] and the genes for the vitamin D receptor, 8, 9 IL-12 receptor b1, 10,11 IL-1, 12, 13 IL-10, 13 and TNF-a 14 have been reported to be factors involved in the development of clinical TB. However, these associations have not been robust or generalizable in most cases. 15, 16 The human Toll-like receptors (TLRs) are pattern recognition molecules that play important roles in early innate immune recognition and inflammatory responses. [17] [18] [19] [20] [21] In addition to their critical roles in innate immunity, TLRs are essential in the orientation of the adaptive immune response through the induction of the Th 1 immune response. 22 Among the 10 human TLRs, TLR2 plays a key role in the immune responsiveness to peptidoglycans, 23, 24 to lipoteichoic acid of Gram-positive bacteria, 25 to mycobacterial lipoproteins 26 and to leptospiral lipopolysaccharide (LPS). 27 That TLR2-deficient mice are highly susceptible to M. tuberculosis infection 28, 29 suggests that mutations that affect TLR2 expression may impair host response to this pathogen. Although missense mutations in the coding sequence of the human TLR2 gene have been associated with TB, 30, 31 there are no reports of association between promoter polymorphisms of this gene and TB. The aim of this study was to evaluate the association between the guanine-thymine (GT) repeat microsatellite polymorphisms in intron II of the human TLR2 gene, which we previously reported, 32 and the presence of TB in the Korean population, which has reasonable genetic homogeneity. 33 Patients, materials, and methods
Participants
In total, 176 patients with bacteriologically or pathologically confirmed TB were enrolled in the original cohort. In case of pleural TB, the patients with lymphocytedominant and ADA (adenosine deaminase) of higher than 40 IU/l pleural effusion and compatible symptoms were enrolled. Patients with a positive HIV test or being administered immunosuppressive agents were excluded. DNA from 82 patients with confirmed TB, collected separately from the original cohort, were used as a validation cohort. All patients in the original cohort or in the validation cohort were enrolled in the TB clinic of Seoul National University Hospital, a university-affiliated tertiary referral hospital. A control group consisting of 191 healthy blood donors, recruited from medical students and employees of Seoul National University College of Medicine/Seoul National University Hospital, was evaluated to determine the distributions of alleles and genotypes in a random control population. For flow cytometric analysis of TLR2 expression on PBMC, 21 healthy male volunteers were enrolled. All participants were Koreans. This study was approved by our institutional review board and written informed consent was obtained from all subjects before blood sampling. All enrollees were unrelated to each other.
Determination of the sample size
The sample size was determined by the following factors: the known prevalence of short GT repeats (np16) in the Korean population, 32 a and b errors, and the expected difference in the prevalence of short GT repeats. We used a value of 20% for the prevalence of short GT repeat, an a error of 0.10, a b error of 0.20, and a 15% expected difference. Using these parameters and assumptions, and methods previously described, 34 the minimum sample size for each group was estimated to be 108.
Genotyping of microsatellite polymorphism
For each subject, 3 ml of blood was drawn into EDTAcontaining tubes. DNA was extracted using the Puregene DNA Isolation Kit (Gentra Systems, Minneapolis, MN, USA) following the manufacturer's protocol. To determine the number of GT repeats in intron II of the human TLR2 gene, we used the polymerase chain reaction (PCR) to amplify a region of about 150 bp surrounding the GT repeat microsatellite with the hex-labeled primers 5 0 -gcat tgctgaatgtatcaggga-3 0 and 5 0 -cttgagaaatgttttctaggc-3 0 . The numbers of GT repeats were identified by sizing of PCR products with the ABI 310 sequencer and the Genescan Analysis 2.1 software (Applied Biosystems, Foster City, CA, USA).
Genotyping of alleged single nucleotide polymorphisms on human TLR2
To exclude the possibility of linkage disequilibrium between microsatellite polymorphisms and single nucleotide polymorphisms (SNPs) causing missense mutations in the coding sequences studied, we screened nine previously reported missense mutations in the TLR2 gene 35 with direct automatic sequencing of PCR products. For genotyping of rs3840097, the primer set 5 0 -cctc caatcaggcttctctg-3 0 and 5 0 -ctcgcagttccaaacattcc-3 0 was used. For typing of rs5743699, rs5743702, and rs5743703, the primer set 5 0 -aattcagcctgtgaggatgc-3 0 and 5 0 -ccagtgctgtcctg tgacat-3 0 was used. For rs5743704, rs5743706, rs5743707, rs5743708, and rs1804965, the primer set 5 0 gtttccatggcctg tggtat-3 0 and 5 0 -tcctcaaatgacggtacatcc-3 0 was used. PCR was carried out in standard conditions using an annealing temperature of 631C for the first two primer sets, and 601C for the third.
Preparation of plasmids and luciferase assay
To explore the regulatory effect of the GT repeats on TLR2 gene expression, we constructed TLR2 gene promoter/exonI/exonII/intronII/luciferase fusions including three represented alleles in Korean populations: (GT) 13 , (GT) 20 , and (GT) 24 . Construction was prepared as described previously. 32 For transfection, K562 cells were split 24 h before transfection and seeded at 2 Â 10 5 cells/ well in 12-well plates. Cells were incubated with 5 ml of Lipofectin (Invitrogen, Carlsbad, CA, USA), 1 mg of the fusion gene and 20 ng of the standard Renilla luciferase reporter pRL-CMV vector in 1 ml of serum-free media. Media containing DNA and Lipofectin was removed and fresh media with 10% FCS and antibiotics was added after 6 h. In selected wells, 1 mg/ml of LPS (SigmaAldrich, St Louis, MO, USA) or 0.5 mg/ml whole lysate of M. tuberculosis H37Rv (kindly provided by the Department of Microbiology, Immunology, and Pathology, Colorado State University, CO, USA) was added. Luciferase activity was analyzed using the dual luciferase reporter assay system (Promega, Madison, WI, USA) after 2 h. The efficiency of transfection, as determined by Renilla luciferase activity in the lysates, was used to normalize the activity measured.
Flow cytometry for determination of TLR2 expression
For flow cytometric analysis of surface TLR2 on human CD14 þ cells, peripheral blood mononuclear cells (PBMC) were isolated from healthy volunteers with Hystopaque-1077 (Sigma-Aldrich, St Louis, MO, USA). Cells, 2 Â 10 5 , in 12 Â 75 mm polystyrene test tubes were incubated for 2 or 4 h with 1 mg/ml of LPS or 0.5 mg/ml whole lysate of M. tuberculosis H37Rv or without any stimulant. TLR2 signals were amplified with a biotin-conjugated mouse antihuman TLR2 antibody (eBioscience, San Diego, CA, USA) and phycoerythrin-conjugated streptavidin (eBioscience, San Diego, CA, USA). The CD14 on the cell surface was stained with FITC-conjugated mouse anti-human CD14 (BD pharmingen, San Diego, CA, USA). Cells were fixed with 1% paraformaldehyde, acquired on a FACSCaliber flow cytometer (Becton Dickinson, Mountain View, CA, USA) and analyzed using CellQuest (Becton Dickinson, Mountain View, CA, USA). A total of 1000 CD14 þ cells were acquired for each sample, and dead cells were gated out based on their light scatter properties. Expression of TLR2 on CD14 þ PBMC was expressed as mean fluorescent intensities.
Statistical analysis
Association between microsatellite polymorphisms and TB disease was tested using a two-tailed w 2 test. In the transient-transfection assay, statistical analysis was performed using two-tailed unpaired t-tests. Po0.05 was considered significant. Odds ratios and 95% confidence intervals (CI) were calculated to assess the relative disease risk conferred by genotypes. One-way ANOVA was used to confirm the trend of increasing luciferase activities with increasing numbers of GT repeats among constructs. To confirm the difference of luciferase activities in terms of TLR2 expression on human cells, mean fluorescent intensities between healthy volunteers with and without short (S) alleles were compared with one-tailed t-tests. SPSS (version 11.0) was used for all statistical analyses. Table 1 shows the baseline characteristics of the participants: the original cohort of 176 patients with TB, the 82 other patients with TB as a validation cohort, and 191 healthy volunteers.
Results

Demographics of the participants
Distribution of the number of GT repeats in patients with TB (original cohort and validation cohort) and controls The distribution of the numbers of GT repeats was trimodal, with one peak located at repeats of (GT) 13 and the other two peaks located at (GT) 20 and (GT) 24 . The most common number of repeats was 13 in both the original TB cohort (27.8%) and the validation TB cohort (32.3%), whereas the (GT) 20 repeat was most common in healthy controls (26.2%). The overall distribution of GT repeats among the three groups is summarized in Figure 1 .
Allele and genotype frequencies in patients with TB and controls Considering this trimodal distribution of GT repeats, we divided the alleles into three subclasses, as previously described in the analysis of microsatellite polymorphisms. 36, 37 The lower component, with p(GT) 16 , was designated the 'S allele'; the middle component, between (GT) 17 and (GT) 22 as the 'M allele'; and the upper component, with X(GT) 23 as the 'L allele'. While the frequency of the S allele was 22.3% in healthy controls, it was significantly more common in the original TB cohort (28.7%, P ¼ 0.045) and in the validation TB cohort (33.5%, P ¼ 0.02). For patients with TB, the odds ratio for the S allele vs all other class alleles was 1.41 (95% CI ; 1.01-1.96), and that for L allele vs all other classes was 0.71 (95% CI; 0.53-0.95). This observation was reproduced in the validation cohort of 82 patients with TB. (Table 2) .
To evaluate the effect of genotype on the clinical development of TB, we divided six genotypes (L/L, L/M, L/S, M/M, M/S, and S/S) into two subgroups, according to the presence or absence of the S allele: genotypes including the S allele (L/S, M/S, and S/S) and genotypes without the S allele (L/L, L/M, and M/M). The distributions of genotypes according to the presence or absence of S alleles (S/S, S/others, others/others) among controls, the original cohort, and the validation cohort were in Hardy-Weinberg equilibrium. Genotypes including S alleles were more common in the original TB cohort (49.4%, P ¼ 0.02) and the validation TB cohort (54.9%, P ¼ 0.009) than in healthy controls (37.7%; Table 3 ). These results were not changed after adjusting for age and sex (data not shown). Differences were maintained comparing the distributions of the three genotypes (S/S vs S/others vs others/others) between control vs the original TB cohort (P ¼ 0.07) and between control vs the validation TB cohort. (P ¼ 0.03).
SNPs in the coding sequence of the human TLR2 gene None of nine previously reported TLR2 missense mutations was polymorphic in the 176 patients with TB in original cohort or among the 191 healthy volunteers, thereby excluding linkage disequilibrium of these promoter genotypes with other TLR2 genotypes.
The effect of the polymorphic GT repeats on promoter activity of TLR2 To identify some functional correlate of intron II GT repeat length in TLR2 gene, we transfected TLR2 promoter reporter constructs into the myeloid cell line K562 and examined basal and stimulated luciferase production. Unstimulated promoter activities of constructs including (GT) 13 , (GT) 20 , or (GT) 24 as determined by luciferase activity, increased with increasing numbers of GT repeats. (P ¼ 0.007; Figure 2 ). This trend was maintained on stimulation with 1 mg/ml of LPS (P ¼ 0.007) or with 0.5 mg/ml whole lysate of M. tuberculosis H37Rv (P ¼ 0.001). These data show that TLR2 promoter activity positively correlates with intron II GT repeat length.
Expression of TLR2 on CD14 þ PBMC in healthy volunteers with different TLR2 intron II genotypes
The expression of TLR2 in 12 healthy volunteers with S alleles was lower than in 13 volunteers without S alleles after 2 h-incubation without any stimulus (P ¼ 0.03), with LPS (P ¼ 0.03), or M. tuberculosis lysates (P ¼ 0.07). The differences in TLR2 expression diminished with longer incubations without stimuli or with LPS, but, strengthened with whole lysates of M. tuberculosis (Figure 3 ).
Discussion
Microsatellite polymorphisms in 5 0 -flanking regions or introns have been reported to be associated with development or clinical features of several infectious diseases. Cytosine-adenine (CA) repeats in intron I of the interferon-g gene correlate with the in vitro production of interferon-g and with the clinical development of pulmonary TB. 38 In addition, CA repeats in the promoter region of NRAMP1 was reported to be a possible risk factor for TB 39 and the association between CCTTT repeats in the inducible nitric oxide synthase gene and fatal cerebral malaria 40 has been suggested. How the length of such microsatellite polymorphisms may exert an effect on promoter activity has been not well understood. The most persuasive theory is based on the formation of left-handed helical Z-DNA, instead of the usual right-handed B-DNA caused by alternating purines and pyrimidines. [41] [42] [43] Z-DNA may affect gene transcription through various mechanisms, including the inhibition of RNA polymerase transcription of that region of a gene. 44 The deoxy CG repeat, d(CG)n, is White bars represent promoter activity without any stimulus and gray-colored bars show promoter activity after incubation for 2 h with the indicated stimulants (1 mg/ml of lipopolysaccharide or 0.5 mg/ml whole lysate M. tuberculosis H37Rv). Each luciferase activity was normalized to Renilla luciferase activity and expressed as a ratio to that of the PGL3/basic plasmid without any TLR2 promoter-intron insert. Results are reported as mean7s.e.m. of three individual experiments performed in triplicate using two independent sets of constructs for each GT length. Luciferase activity of the (GT)n constructs increased with increasing number of (GT)n repeats regardless of stimuli. P-value for trend of increment in experiments without stimuli, with LPS, and with whole lysate of M. tuberculosis were 0.007, 0.001, and 0.03, respectively.
known to form Z-DNA most easily, and d(GT)n, d(GGGC)n, d(TA)n follow in order of the ease of formation. [45] [46] [47] However, the functional impact of nucleotide repeats in terms of length on the promoter activity is still debated. Longer (GT)n repeats in the promoter of heme oxygenase-1 gene were associated with lower promoter activity. 37 In contrast, Shimajiri et al. 48 showed that longer (CA)n repeats in the matrix metalloproteinase 9 promoter enhanced activity.
We have found that shorter (np16) GT repeats in intron II of the human TLR2 gene were significantly associated with the presence of TB in this Korean population. In addition, constructs including these shorter GT repeats had weaker promoter activity in the K562 human cell line than longer repeats. Importantly, and confirming the in vivo relevance of theses findings, TLR2 expression on CD14 þ cells was lower in healthy volunteers with shorter alleles than in those without them. Although the promoter activities of constructs including GT repeats and expression of TLR2 on CD14 þ cells did not upregulate with LPS or whole lysates of M. tuberculosis in this study, the decrements of TLR2 expression on human cells by various stimulation 49 or during exposure to M. tuberculosis have been reported. 50 The essential role of TLR2 against mycobacterial infection in vivo has been shown by rapid fatality 28, 29 and higher burden of mycobacteria 51 in TLR2-deficient mice. Therefore, it is reasonable to hypothesize that a subtle reduction in the expression of TLR2 could likewise make humans more prone to the development of TB. In our study, TLR genotypes including shorter GT repeats (p16) were more common in two groups of patients with TB-49.4% in the original cohort and 55% in the validation cohort-than in healthy controls (37.7%). This observation is mechanistically supported by the observation that promoter activity of shorter GT repeats (13 repeats) constructs was weaker than that of constructs with longer repeats, and that TLR2 expression on CD14 þ PMBCs were lower in healthy volunteers with an S allele than in those without an S allele. Therefore, our data are consistent with the hypothesis that patients with shorter GT repeats may have lower TLR2 promoter activity at rest and with stimulation and that reduced expression of TLR2 on the cell surface may predispose in some way to development of TB.
In conclusion, shorter GT repeats in the intron II of the human TLR2 gene were associated with the development of clinical TB in Koreans. This association correlated with lower TLR2 promoter activity and lower TLR2 expression in persons with shorter GT repeats. Figure 3 Expression of TLR2 on CD14 þ peripheral blood mononuclear cells. Expression of TLR2 on CD14 þ PBMC was expressed as mean fluorescent intensities and results are reported as mean7s.e.m. Gray bars represent the mean fluorescent intensities of 12 healthy volunteers with genotypes including short alleles and black bars represent those of 13 volunteers with genotypes without short alleles. P-values are from the difference between volunteers with or without short allele. The expression of TLR2 in volunteers with short alleles was lower than in volunteers without short alleles after 2 h-incubation without any stimulus (P ¼ 0.03), with LPS (P ¼ 0.03), or M. tuberculosis lysates (P ¼ 0.07). The differences in TLR2 expression diminished with longer incubations without stimuli or with LPS, but, strengthened with whole lysates of M. tuberculosis.
